Abstract. In this paper, a new dual-frequency, compact antenna, which uses an H-shaped microstrip patch with a shorting pin, is described. Compared with the conventional rectangular patch antenna, this antenna can achieve both a significant reduction of antenna size and a dual-frequency operation with a single feed. More freedoms for tuning the resonant frequencies, the frequency ratio, and the input impedance are available because of more design parameters. A detailed parameter study is performed, and the theoretical analysis is based on the finite difference time domain (FDTD) method. The FDTD programs are developed and validated by measurement results. The effects of several antenna parameters on two resonant frequencies, frequency ratio, and radiation pattern characteristics of the antenna are analyzed and compared. It is shown that various frequency ratios (1.91-4.23) can be obtained by varying the design parameters of this antenna. Several design curves are presented.
Introduction
Microstrip antennas are very popular in many practical applications because they have the advantages of low profile, light weight, low cost, conformability, ease of fabrication, and integration with RF devices, etc. [James and Hall, 1989; Zhong, 1998, 1999; Gao, 1999] . Dual-frequency microstrip antennas with a single feed are urgently required in radar and communications systems, such as synthetic aperture radar (SAR), dual-band GSM/DCS 1800 mobile communications systems, and the Global Positioning System (GPS). Generally, the dual-frequency microstrip antennas found in the literature may be divided into two categories, namely, multiresonator antennas and reactive-loading antennas. In the first kind of structures the dual-frequency operation is achieved by means of multiple radiating elements, each supporting strong currents and radiation at its resonance. This category includes the multilayer stacked-patch antennas using circular, annular, rectangular, and triangular patches [Long and Waton, 1979; Dahele et al., 1987; Wang et al., 1990] . A multiresonator antenna in coplanar structures can also be fabricated by using aperture-coupled parallel microstrip dipoles [Croq and Pozar, 1992] . As these antenna structures usually involve multiple substrate layers, they are of high cost. A large size is another drawback of the multiresonator antenna, which makes it difficult for the antenna to be mounted in handheld terminals.
The reactive-loading microstrip patch antenna consists of a single radiating element in which the doubleresonant behavior is obtained by connecting coaxial or microstrip stubs at the radiating edges of a rectangular patch. This solution does not allow a frequency ratio higher than 1.2. Higher values of frequency ratio can be obtained by using two lumped capacitors connected from the patch to the ground plane [Waterhouse and Shuley, 1992] . By using multiple shorting pins located symmetrically with respect to the patch axes, dual-band operations can also be realized, as shown by Zhong and Lo [1983] . Another kind of reactive loading can be introduced by etching slots on a patch. The slot loading allows one to strongly modify the resonant mode of a rectangular patch, particularly when the slots cut the current lines of the unperturbed mode. Wang and Lo [1984] show that the simultaneous use of slots and short-circuit vias allows one to obtain a frequency ratio from 1.3 to 3 depending on the number of vias. Dual-frequency operation of the microstrip antenna with a spur-line filter embedded in the patch has also been reported by Serrano-Vaello and Sanchez-Hernandez [1998] , who show a frequency ratio of ϳ2.0 between the two operating frequencies. In such a dual-frequency scheme the lower and higher operating frequencies are designed, respectively, at the resonant frequencies of a new resonant mode, generated by the perturbation of the embedded spur-line filter in the patch, and the transverse magnetic (TM 01 ) mode. Dual slotloaded microstrip antenna with dual-frequency operation has been reported by Maci et al. [1993 Maci et al. [ , 1995 , where two parallel narrow slots are etched in the rectangular patch close to its radiating edges. The two slots are chosen to be close to the length of the radiating edge. In this case, the radiating characteristics of the antenna operating at the perturbed TM 01 and TM 03 modes are similar and have parallel polarization planes. Also, these two modes can be excited with good impedance matching using only a single probe feed. A compact, dual-frequency microstrip antenna is proposed by Wong and Chen [1997] , who use the rectangular microstrip patch loaded with one shorting pin. Other dual-frequency antennas with square slot or rectangular slot loading are reported by Chen [1998] and Gao and Li [1999a] . To satisfy specific requirements of various practical applications, more research results on the dual-frequency microstrip antennas are still required. Experimental results of a small-sized antenna using an H-shaped microstrip patch for single-frequency operation are presented by Palanisamy and Garg [1985] .
In this paper, a novel compact, dual-frequency antenna is proposed and studied. To achieve a compact size, this antenna combines the use of a shorting pin [Wong and Chen, 1997] and the geometrical modification [Palanisamy and Garg, 1985] . The organization of this paper is as follows: Section 2 describes the configuration of the novel dual-frequency microstrip antenna and the finite difference time domain (FDTD) method used for numerical analysis. Comparisons between calculated and experimental results are shown, which validates the FDTD programs. Section 3 presents a numerical study illustrating the effects of various antenna parameters on the resonant frequencies, the frequency ratio, and radiation pattern characteristics of the antenna. The paper ends with conclusions in section 4.
Antenna Modeling
The configuration of the novel compact, dualfrequency antenna is shown in Figure 1 . The antenna consists of an H-shaped microstrip patch, supported on a grounded dielectric sheet of thickness h and dielectric constant r . The H-shaped patch has a total length of a and a width of b. It can be divided into three parts: a center conductor strip with length d and width s and two identical conductor strips with length w and width b on both sides. A shoring pin with a radius of r s is loaded at the central line of the H-shaped patch, with a distance of d s from the radiating edge, and the feed point is located at the central line of the H-shaped patch, with a distance of d f from the radiating edge.
Numerical Method of Analysis
In the numerical analysis of this antenna we use the FDTD algorithm, because it is simple to understand and can be used to analyze antennas of complex structures. As the detailed theory on FDTD method is available from Yee [1966] , Liao et al. [1984] , Mei and Fang [1992] , Gao and Li [1999b] , and Gao et al. [2001] , only a brief outline will be presented here. The first step in designing an antenna with an FDTD code is to grid up the object. A number of parameters must be considered in order for the code to work successfully. The grid size must be small enough so that the fields are sampled sufficiently to ensure accuracy. Once the grid size is chosen, the time step is determined such that numerical instabilities are avoided, according to the current stability condition.
A Gaussian pulse voltage with unit amplitude, given by
where T denotes the period and t 0 identifies the center time, is excited in the probe feed. For the feed probe we use a series resistor R s with the voltage generator to model the current in the feed probe [Gao and Li, 1999a; Gao et al., 2001] . To truncate the infinite space, a combination of Liao's third-order absorbing boundary conditions (ABC) and the superabsorbing technique is applied, as given by Li [1999a, 1999b] , Liao et al. [1984] , and Mei and Fang [1992] . After the final time domain results are obtained, the current and voltage are transformed to those in the Fourier domain. The input impedance of the antenna is then obtained from
The results of input impedance are then used to obtain the return loss characteristics of the antenna. To get the radiation pattern characteristics, a sinusoidal excitation at probe feed is used, which is given by
where f 0 denotes the resonant frequency of interest. The field distributions are recorded at one instant of time after the steady state has been reached. In our analysis the total time for stability is more than six cycles. After the field distribution has been obtained, the radiation pattern can be readily calculated by using the near-field to far-field transformation [Gao and Li, 1999a; Gupta and Hall, 2000] .
Comparisons Between Calculated Results and Experimental Results
On the basis of the FDTD algorithm described in section 2.1, a software package in FORTRAN 77 language has been developed by us. To verify the FDTD code, we made a lot of simulations, and comparisons are made among many sets of theoretical results and measured results. Here, because of limited space, only one example is shown subsequently.
It is noted that when the centered conducting strip width s is equal to the patch width b, the proposed antenna in Figure 1 is the same as the shorting-pinloaded rectangular patch antenna proposed by Wong and Chen, 1997 . This means that the antenna of Wong and Chen represents a specific case of the antenna proposed here. For this reason, the experimental results of Wong and Chen are used here for validation of our FDTD analysis. The antenna parameters are as follows: a ϭ 37.3 mm, b ϭ 24.87 mm, s ϭ 24.87 mm, d f ϭ 2.72, d s ϭ 1 mm, r s ϭ 0.32 mm, r ϭ 4.4, and h ϭ 1.6 mm. The measured results of return loss are presented in Figure 2 , together with the calculated results by using our FDTD programs. The resonance is found at 720 MHz and 2340 MHz, respectively, as expected. The agreement between the measured and calculated results is fairly good, which validates our FDTD programs. Some other comparisons are also given by Li [1999a, 1999b] and Gao et al. [2001] . Generally, we observe a good agreement between these sets of results. In the following, a parameter study of the proposed dual-frequency microstrip patch antenna will be performed using the FDTD code.
Numerical Results

Effects of Shorting Pin Position
On the basis of the FDTD code a lot of numerical simulations of the shorting-pin-loaded, H-shaped patch antenna have been performed by us. According to these results, Figure 3 shows the two resonant frequencies of f 01 and f 03 for the perturbed TM 01 and TM 03 modes against d s /a. The fundamental resonant frequency f 01 of the conventional patch without a shorting pin is designed at 4.71 GHz. It can be seen that when the shorting pin is placed almost at the edge of the patch (d s ϭ 1 mm in this case), the first resonant frequency occurs at 1.795 GHz and the second resonant frequency is at 5.05 GHz. In this case, the frequency ratio is 2.81. However, when the shorting pin moves toward the patch center, f 01 increases and f 03 decreases, which decreases the frequency ratio. At d s /a ϭ 0.5 (the shorting pin at the patch center) the frequency ratio is found to be 1.92 with f 01 at 2.24 GHz and f 03 at 4.29 GHz. The frequency ratio increases from 1.92 to 2.81 with a value of d s /a changing from 0.05 to 0.5. In the calculation, other parameters of the shorting-pinloaded, H-shaped patch are fixed as follows: a ϭ 20 mm, b ϭ 20 mm, d ϭ 10 mm, s ϭ 16 mm, r s ϭ 0.4 mm, r ϭ 2.33, and h ϭ 1.6 mm. As there are a lot of design parameters for this antenna (the width and length of patch, the position of the shorting pin, the width and length of center strip, feed positions, etc.), a good impedance matching at both frequencies can be obtained by tuning these parameters appropriately. Usually, the optimal feed position is found to be ϳ1.0 -3.0 mm from the shorting pin.
The radiation patterns of three antennas with different d s /a at two resonant frequencies f 01 and f 03 are shown in Figures 4 and 5 , respectively. Figure 4a shows the comparisons of E plane radiation patterns among three antennas resonant at the TM 01 mode, where the d s /a values of the three antennas are 0.05, 0.15, and 0.4, respectively. Other antenna parameters are the same as those in Figure 3 . These patterns are calculated at 1.795 GHz, 1.94 GHz, and 2.21 GHz, respectively. It is seen that the E plane radiation pattern at f 01 has a dip in the broadside. The dip decreases from Ϫ2.0 dB at d s /a ϭ 0.05 to Ϫ11.1 dB at d s /a ϭ 0.4. Figure 5a shows the comparisons of E plane radiation patterns among three antennas resonant at the TM 03 mode. These patterns are calculated at 5.05 GHz, 5.01 GHz, and 4.38 GHz, respectively. It is seen that the radiation patterns are broadened in the E plane when the shorting pin position moves toward the center of the patch antenna. According to the numerical results, slightly broadening of radiation pattern in the H plane is also found, as shown in the Figures 4b and 5b. It is to be noted that these patterns at f 01 and f 03 are of the same polarization. Figure 6 shows the two resonant frequencies of f 01 and f 03 for the perturbed TM 01 and TM 03 modes versus different values of s/b (center strip width s divided by the patch width). The results show that with the decrease in the center strip width s, the resonant frequency at the TM 01 mode increases slightly at first and then decreases, while the resonant frequency at the TM 03 mode decreases quickly. In the calculation, other parameters of the shorting-pinloaded, H-shaped patch are fixed as follows: a ϭ 20 mm, b ϭ 20 mm, d ϭ 10 mm, r s ϭ 0.4 mm, d s ϭ 1 mm, r ϭ 2.33, and h ϭ 1.6 mm. When s is 20 mm (s/b ϭ 1.0, i.e., the shorting-pin-loaded, rectangular patch as proposed by Wong and Chen [1997] ), the two resonant frequencies of f 01 and f 03 reach 1.755 GHz and 5.34 GHz, respectively. The two resonant frequencies are 1.805 GHz and 4.64 GHz, respectively, when s is 12 mm (s/b ϭ 0.6). For the case that s is 4 mm (s/b ϭ 0.2) the frequency f 01 occurs at 1.575 GHz, which is only ϳ33% times that of the conventional rectangular patch at f 01 (4.71 GHz), and the resonant frequency f 03 occurs at 3.95 GHz, which is ϳ83% times that of the conventional rectangular patch at f 01 (4.71 GHz). These results imply that this dual-frequency design has the advantage of compact size for fixed operating frequencies. From these we conclude that a small value of s/b (and hence a narrow center strip width) could lead to a significant reduction of antenna size. The frequency ratio decreases from 3.04 to 2.5 with a value of s/b changing from 1.0 to 0.2.
Effects of s/b
The radiation patterns of three antennas with different s/b at two resonant frequencies f 01 and f 03 are shown in Figures 7 and 8 , respectively. Figure 7a shows the comparisons of E plane radiation patterns among three antennas resonant at the TM 01 mode, where the s/b values of the three antennas are 1.0, 0.8, and 0.4, respectively. Other antenna parameters are the same as those in Figure 6 . These patterns are calculated at 1.755 GHz, 1.795 GHz, and 1.755 GHz, respectively. It is seen that the dip in broadside of E plane radiation pattern increases slightly when the s/b value of each antenna is reduced. Figure 8a shows the comparisons of E plane radiation patterns among three antennas resonant at the TM 03 mode. These patterns are calculated at 5.34 GHz, 5.05 GHz, and 4.245 GHz, respectively. It is seen that the radiation patterns are narrowed slightly in the E plane when the s/b value of each antenna is reduced. According to the numerical results, slight broadening of the radiation pattern in the H plane is found, as shown in Figures 7b and 8b. Figure 9 shows the two resonant frequencies of f 01 and f 03 versus different values of d/a (center strip length d divided by the patch length a). The results show that with the increase of d/a, the resonant frequencies at both the TM 01 and TM 03 modes first decrease rapidly and then increase. The frequency f 03 reaches its maximum of 5.34 GHz when the value of d/a equals 0. The frequency f 03 is reduced to 1.545 GHz when the value of d/a equals 0.4. When the value of d/a is increased to 0.6, the resonant frequencies f 01 and f 03 are 1.785 GHz and 4.1 GHz, respectively. According to numerical results the impedance matching at both resonant frequencies will be difficult when d/a is larger than 0.6. In this calculation, other parameters of the shorting-pin-loaded, H-shaped patch are fixed as follows: a ϭ 20 mm, b ϭ 20 mm, r s ϭ 0.4 mm, d s ϭ 1 mm, s ϭ 4 mm, r ϭ 2.33, and h ϭ 1.6 mm. The frequency ratio shows a trend of decrease with the increased value of d/a. The frequency ratio is reduced from 3.04 to 2.52 when the value of d/a is increased from 0 to 0.6.
Effects of d/a
The radiation patterns are also simulated. Again, similar radiation patterns with the same polarization are observed at two resonant frequencies. It is shown that the radiation patterns in both planes are slightly broadened with the increase of d/a.
Effects of r
The two resonant frequencies of f 01 and f 03 versus different values of r (relative permittivity of substrate) are presented in Figure 10 . It is shown that with the increase of r , the resonant frequencies at both the TM 01 and TM 03 modes decrease accordingly. When the value of r equals 1.0, the frequencies f 01 and f 03 reach the maximum values of 2.47 and 7.11 GHz, respectively. The resonant frequencies f 01 and f 03 reach the values of 1.27 and 3.53 GHz, respectively, when the value of r is increased to 5.2. In this calculation, other parameters of the shortingpin-loaded, H-shaped patch are fixed as follows: a ϭ 20 mm, b ϭ 20 mm, s ϭ 4 mm, d ϭ 10 mm, r s ϭ 0.4 mm, d s ϭ 1 mm, and h ϭ 1.6 mm. The frequency ratio shows a slow decrease from 2.88 to 2.78 with a value of r changing from 1.0 to 5.2.
The radiation patterns are also calculated. Similar radiation patterns with the same polarization are obtained at two resonant frequencies. It is observed that the radiation patterns in both planes are slightly broadened with the increase of r . 
Effects of Substrate Height
The two resonant frequencies of f 01 and f 03 versus different values of substrate thickness h are presented in Figure 11 . It is shown that with the increase of h, the resonant frequencies at both the TM 01 and TM 03 modes decrease. When the value of h equals 0.8 mm, the frequencies f 01 and f 03 reach the values of 1.85 and 5.22 GHz, respectively. When the value of h The radiation patterns are also calculated. Similar radiation patterns with the same polarization are observed at two resonant frequencies. It is shown that the radiation patterns in both planes are slightly narrowed with the increase of h. Figure 12 shows 
Effects of Aspect Ratio
Conclusions
A new compact, dual-frequency microstrip antenna with a wide range of variation of the frequency ratio is presented in this paper. To achieve compact size, this antenna takes advantage of the compactness of H-shaped patch antennas [Palanisamy and Garg, 1985] and the dual-frequency operation provided by a shorting pin [Wong and Chen, 1997] . On the basis of the FDTD method the characteristics of the antenna are analyzed. The FDTD code is developed and has been verified by measurement results. As the shorting-pin-loaded, H-shaped patch can achieve both a small size and dual-frequency operation, it is very promising for many practical applications. The variations of two resonant frequencies, the frequency ratio, and radiation pattern characteristics with respect to several important antenna parameters, i.e., the shorting pin position, s/b (center strip width divided by patch width), d/a (center strip length d divided by the patch length a), r (substrate permittivity), h (substrate thickness), and aspect ratio b/a, are illustrated and discussed. It is shown that this dual-frequency antenna is very compact in size and can obtain a wide range of variation in frequency ratio (1.91-4.23). It is found that a small value of s/b (hence a narrow center strip width) could lead to a significant reduction of antenna sizes. Detailed numerical results are presented, which are helpful for practical antenna designs. These results are useful for understanding the behavior of the antenna when these design parameters are changed. Compared with other techniques of realizing compact antenna, i.e., using high dielectric constant material or slot loading, the shorting-pinloaded, H-shaped patch antenna has advantages of low cost and larger variation range of frequency ratio. Because of the single-layer microstrip structure used, the proposed antenna has the disadvantage of narrow bandwidth, which is usually only 1% to 2%. Research work is currently going on to investigate methods for broadening antennas' bandwidth.
